1. Introduction {#sec0005}
===============

"Lipids" is the general term for a very large and complex group of substances. The combination of a large variety of fatty acids with diverse headgroups constitute a group of molecules with very different characteristics that play many important roles in biological systems. Non-polar triacylglycerols (TGs) are important storage lipids [@bib0005; @bib0010], amphiphilic glycerophospholipids (GPs) are the main building blocks of biological membranes and many lipid intermediates and degradation products act as signalling molecules in various biological pathways [@bib0015; @bib0020; @bib0025]. The diversity of lipids in all organisms is a challenge for the qualitative as well as quantitative lipid analysis, so called "lipidomics", which, however has dramatically gained importance in many fields of biosciences. Lipid metabolism is linked to many severe diseases such as obesity, diabetes, atherosclerosis and cancer-related diseases [@bib0030; @bib0035]. As a consequence lipidomic research is an emerging discipline not only in the field of medicine, but also in fundamental research on model organisms [@bib0040].

The number of approaches towards qualitative and quantitative lipidomics is as complex as the lipids themselves and depends on the lipid source and the specific problem of interest. These methods comprise well-established ones such as thin layer chromatography and gas chromatography as well as mass spectrometric (MS) approaches [@bib0045; @bib0050].

In lipid mass spectrometry electrospray ionization (ESI) is the most commonly used ionization technique. The ESI-MS-based lipid analysis is generally split into two different basic principles -- the shotgun and the liquid-chromatography (LC)-MS-approach. Shotgun lipidomics generally uses total lipid extracts typically without prior purification steps. Separation is achieved "in-source", depending on the specific ionization and adduct formation properties of each lipid class [@bib0055; @bib0060]. The shotgun approach provides a large amount of lipidomic data for various tissues [@bib0065; @bib0070] and organisms such as yeast [@bib0075] and *Drosophila* [@bib0080]. In several cases, however a chromatographic pre-separation of lipid extracts provides advantages. The major challenges of all electrospray based ionization techniques are ion suppression and ion enhancement effects. Especially when some lipid classes are predominant, low abundant lipid species may be missed due to ion suppression [@bib0085].

Many different LC methods have been published, interestingly most of them focus either on neutral lipid or on glycerophospholipid species. Multiple methods for neutral lipid separation are described [@bib0090; @bib0095; @bib0100; @bib0105; @bib0110; @bib0115; @bib0120; @bib0125] but these methods either do not address other lipids in detail or require prior purification steps to remove them [@bib0130].

Vice versa many different methods for polar lipid analysis are published, but they do not address the separation of neutral lipids [@bib0135; @bib0140; @bib0145; @bib0150; @bib0155; @bib0160; @bib0165; @bib0170; @bib0175].

An isocratic HPLC method to analyze the cellular lipidome of yeast was published by Shui et al. [@bib0180]. Within 30 min run time the major lipid classes are analyzed by LC-MS, but the chromatographic resolution, especially of the glycerophospholipids, seems to be rather limited.

To separate polar and nonpolar lipids 2D-chromatography can be applied. Sommer et al. [@bib0185] show a good separation of many different lipid classes and even separation of lipid species within these classes. But the approach is quite complex, using a pre-separation between polar and nonpolar lipids on a silica column, followed by normal-phase HPLC with two different gradient systems depending on the polarity of the analytes. Both LC-runs use a ternary gradient and the eluents are mixtures of up to four solvents. Fractions collected from the normal-phase separation were further analyzed by reversed phase chromatography.

Another 2D-LC method is published by Nie et al. [@bib0190], who combines normal- and reversed-phase chromatography with a solvent evaporation interface after the normal phase column to enrich the analytes prior to reversed phase separation. The total run time of this 2D-approach is 150 min.

Methods that allow the separation of polar and nonpolar lipids in one chromatographic run often use complex gradients. Graeve et al. [@bib0195] describe a ternary gradient in a normal-phase LC system coupled to an evaporative light scattering detector that allows the separation of all major lipid classes within a single 35 min run. All three eluents are mixtures of two solvents, one of them containing ethanolamine as modifier. Especially in normal-phase chromatography modifiers like ethanolamine or triethylamine are necessary to improve peak shape and separation performance, but in combination with electrospray ionization mass spectrometry they can cause significant ion suppression effects. [@bib0200]. McLaren et al. [@bib0205] describe a modifier-free LC method for total lipid separation, but this method requires even a quarternary gradient. All four eluents consist of two solvents including dichloromethane and chloroform, which can be harmful for sealings in the LC system.

Both methods do not achieve a separation of lipid species within a certain lipid class.

A UPLC-MS based method published by Ikeda et al. [@bib0210] is capable of separating lipid species even within a lipid class, but the gradient time is up to 90 min.

The analysis described by Fauland et al. is promising [@bib0215], the gradient time is only 30 min, but the chromatographic resolution is not sufficient for low abundant lipids such as phosphatidic acid.

Our aim was to develop a versatile LC-MS method for general lipid profiling analyzing neutral lipids and glycerophospholipids in one run. This method is suitable for polar and non-polar lipid species and may be combined with ESI-MS in both positive and negative ionization mode. The gradient system is simple and robust, the hazard potential of the solvents is low both for the operator and the LC system. To achieve an optimal separation of different lipid classes/species we extended the total run time to 50 min. Thereby we could reduce the ion suppression of co-eluting analytes.

Another advantage of a chromatographic separation is the identification of isobaric substances. For example, bis(monoacylglycero)phosphate (BMP), an important signalling molecule, has the same elemental formula as the corresponding phosphatidylglycerol (PG), and even a very high resolution MS will not be able to distinguish between these two lipid classes without prior separation. With the described method the chromatographic peaks of BMP and the corresponding PG are clearly separated. Additionally, in source fragmentation can also "synthesize" lipids. When for example phosphatidylserine (PS) loses its headgroup during the ESI process, the resulting phosphatidic acid (PA) cannot be distinguished from PA originally present in the sample. By LC separation the retention times of the endogenous PA and PA derived from PS are different, and, therefore a correct determination of endogenous PA levels is possible. By adding phosphoric acid to the solvent system we could further improve the detection of PA.

We demonstrate the applicability for lipid profiling, using yeast lipid extracts as an example. To show the ability to separate isobaric lipid species we used murine tissue lipid extracts.

2. Materials and methods {#sec0010}
========================

2.1. Chemicals and reagents {#sec0015}
---------------------------

All solvents were at least HPLC grade. Water, 2-propanol, and phosphoric acid were purchased from Roth (Karlsruhe, GER), acetonitrile and methanol from J.T.Baker (Austin, TX, USA) and chloroform, formic acid and leucine-enkephalin from Sigma (Vienna, AUT). Ammonium acetate was purchased from Merck (Darmstadt, GER), TG and DG standards (TG 45:0, TG 51:0, TG 57:0, DG 28:0) from Larodan (Malmö, SWE), GP standards (PC 34:0, PS 34:0, PA 34:0, PE 34:0) from Avanti Polar Lipids (Alabaster, AL, USA).

2.2. Preparation of standards {#sec0020}
-----------------------------

Internal standard solution: reference substances were combined to 1 mg/ml each in chloroform/methanol (2/1, v/v) (C/M) and prior to extraction this stock solution was diluted to 0.05 mg/ml.

Lock mass solution: Leucine-enkephalin (100 pg/μl) was dissolved in water/methanol (1/1, v/v) with 0.1% formic acid.

2.3. Yeast cultivation and strains {#sec0025}
----------------------------------

In this study wild type (WT) BY4742 (Euroscarf collection,[@bib0220]) was used to develop the LC-MS method. WT was either grown in rich medium (YPD: 20 g/l glucose, 20 g/l pepton, 10 g/l yeast extract) to stationary phase or cultivated in minimal medium. The standard minimal medium (MM) contained 20 g/l glucose and 6.7 g/l yeast nitrogen base containing ammonium sulphate. After autoclaving uracil (final conc. 20 mg/l), adenine (final conc. 29.3 mg/l), amino acids (according to [@bib0225]), 4-morpholineethanesulfonic acid (MES, 1 M, pH 6 with sodium hydroxid; final conc. 20 mM), vitamins, trace elements (according to [@bib0230]) and inositol (final conc. 75 μM) were added. WT was pre-cultivated for 16 h in MM at 30 °C and 180 rpm in a rotary shaker. For the final cultivation WT was inoculated to a density of OD~600~ 0.1 in fresh MM. After 4.5 h 20 OD units were harvested, centrifuged and immediately shock frozen in liquid nitrogen. Pellets were stored at −80 °C until they were subjected to lipid extraction.

2.4. Mouse samples {#sec0030}
------------------

Various tissue samples were surgically removed from sacrificed mice as described elsewhere [@bib0235] and stored at −80 °C until they were subjected to lipid extraction.

2.5. Sample preparation {#sec0035}
-----------------------

Cell pellets were re-suspended in C/M and spiked with 50 μl of 0.05 mg/ml standard mix. Cell disruption was carried out with glass beads by shaking in a Heidolph Multi Reax test tube shaker (Schwabach, GER) at 4 °C for 30 min. Yeast and mouse lipids were extracted according to the Folch method [@bib0240]. Evaporated lipid extracts were re-suspended in 1 ml C/M and diluted 1:5 with isopropanol for measurement in positive ESI mode. For measurements in the negative ionization mode the solvent was changed to 90 vol% isopropanol and 10 vol% C/M without any dilution.

2.6. Instrumentation {#sec0040}
--------------------

Chromatographic separation was performed using an AQUITY-UPLC system (Waters, Manchester, UK) equipped with a BEH-C18-column, 2.1 × 150 mm, 1.7 μm (Waters). A binary gradient was applied. Solvent A consisted of water/methanol (1/1, v/v), solvent B was 2-propanol. Both solvents contained phosphoric acid (8 μM), ammonium acetate (10 mM) and formic acid (0.1 vol%). The linear gradient started at 45% solvent B and increased to 90% solvent B within 30 min. In the following 2 min solvent B percentage was increased to 100% and was kept at this level for 10 min. Starting conditions were achieved in 1 min and the column was re-equilibrated for 7 min, resulting in a total HPLC run time of 50 min. The column compartment was kept at 50 °C. A SYNAPT™G1 qTOF HD mass spectrometer (Waters) equipped with an ESI source was used for analysis. The following source parameters were used: capillary temperature 100 °C, desolvatization temperature: 400 °C, N~2~ as nebulizer gas. The capillary voltage was 2.6 kV in positive and 2.1 kV in negative ionization mode. For MS^E^ [@bib0245] two alternating scan modes were defined in the MS setup. The first scan mode resembles the full scan (mass range: m/z 50--1800; scan time: 1 s; data collection: centroid). The second scan mode (mass range: m/z 50--1800; scan time: 1 s; data collection: centroid) applied a collision energy ramp (25--45 V) to fragment all generated ions. Both scan modes showed a resolution of around 9000 (FWHH). For MS/MS experiments the same settings for scan time and collision energy were used.

The lock spray was achieved by an external pump (L-6200, Hitachi) at a flow rate of 0.2 ml/min split in a 1:13 ratio. Leucine-enkephaline (\[M + H\]^+^: m/z 556.2771 and \[M-H\]^−^: m/z 554.2615) was used as reference substance in the lock-spray. The lock mass was measured every 15 s independent of the other scan modes, which allowed a continuous mass correction. The mass error was always below 5 ppm.

Data acquisition was performed by the MassLynx 4.1 software (Waters), for lipid analysis the "Lipid Data Analyser" software was used [@bib0250]. The batch quantitation setup was as followed: retention time tolerance before/after: 1 min; relative base peak cut off: 0.1‰; retention time shift: 0.5 min; isotopic quantitation of 2 isotopes where 1 isotopic peak has to match.

3. Results and discussion {#sec0045}
=========================

3.1. LC method {#sec0050}
--------------

The method is based on a previously described gradient system using water and acetonitrile/2-propanol (5/2), both containing 1% 1 M NH~4~Ac and 0.1% HCOOH [@bib0255]. However, since the separation within the single lipid species was not satisfactory we tested various combinations of acetonitrile, acetone, methanol and 2-propanol. Best results were achieved by using water/methanol as solvent A and 2-propanol as solvent B, both containing ammonium acetate (10 mM) and formic acid (0.1 vol%) ([Fig. 1](#fig0005){ref-type="fig"}).

An often mentioned advantage of UPLC systems is the short chromatographic run time and therefore the possibility for high sample throughput. We tested the separation performance at various gradient times ([Fig. 2](#fig0010){ref-type="fig"}) and observed a baseline separation of a lipid species from the M + 2 isotopic peak of the corresponding one time more unsaturated species at a minimum gradient time of 12 min and a total run time of 30 min. Shorter run times caused co-elution of these species, which makes additional arithmetic inevitable to correct for the overlap in the mass spectra. There is a noticeable ion suppression effect in the baseline of the negative ESI TIC visible at the retention time of the TG species ([Fig. 1](#fig0005){ref-type="fig"} and supplementary figure 1). Comparable effects may also occur in the region of glycerophospholipids and they especially influence the signals of low abundant lipid species (see supplementary figure 2). Longer gradient times improve peak separation which is useful for more complex lipid samples, such as from mammalian tissue.

The resolving power of the described method allows to separate isobaric isomers such as PC 18:1_18:1 and PC 18:2_18:0 ([Fig. 3](#fig0015){ref-type="fig"}) or TG 18:2_18:2_18:2 and TG 16:0_16:0_22:6 ([Fig. 4](#fig0020){ref-type="fig"}) in a lipid extract of mouse muscle cells. [Fig. 3](#fig0015){ref-type="fig"} shows 2 peaks in the extracted ion chromatogram (XIC) of m/z 830.59, which corresponds to the formiate adduct of PC 36:2 in negative ion mode. Fragmentation of the first peak leads to a prominent ion at m/z 281 (carboxylate anion of C18:1 fatty acid), whereas the second peak fragments to m/z 279 (C18:2) and m/z 283 (C18:0). Furthermore there are minor peaks detectable which correspond to C16:0 and C20:2 carboxylate anion. In total PC 36:2 has three possible fatty acid compositions namely 18:1_18:1, 18:0_18:2 and 16:0_20:2. [Fig. 4](#fig0020){ref-type="fig"} shows the separation of the isomers of TG 54:6 as well as their verification with MS/MS experiments. The product ion spectra of the precursor m/z 896.77 show the characteristic neutral loss of C18:2 fatty acid at the first peak and the neutral loss of C22:6 and C16:0 fatty acids at the second peak. The considerably improved separation of lipid species within a certain lipid class makes the method suitable also for low resolution mass spectrometers.

The combination of good separation performance for TG, DG, PC, PE, PI, and LPC and a total run time of 50 min was acceptable, nevertheless the analysis of PA and PS was limited due to poor peak shape.

The problem of PA-peak-tailing has been described previously, however the addition of phosphoric acid (8 μM in both solvents) lead to a significant improvement of peak shape [@bib0260] (see supplementary Figure 3). After 2 years using the described method no negative effect caused by phosphoric acid could be observed, the system stability did not change over time and retention times varied by less than 5 seconds over 50 sample runs.

3.2. MS method {#sec0055}
--------------

PC, PE, LPC, Cer, CL and NLs were analyzed in positive ESI mode, however all GPs could also be detected in negative ESI mode ([Fig. 5](#fig0025){ref-type="fig"}). In [Fig. 5](#fig0025){ref-type="fig"} the separation of the most abundant species of different GPs is demonstrated, whereby PI, PS and PA exclusively ionized in the negative ESI mode. BMP and PG ionized in both ESI modes forming sodium and ammonium adducts additionally to the base peak proton adduct. For data analysis the MS^E^ scan mode was applied [@bib0265]. By alternating full- and MS/MS scans without any precursor mass selection data were recorded as two separated traces. Data recorded in the full scan mode were used for peak integration and relative analysis. During the MS/MS experiment ions that were detected in the full scan were fragmented together, thus the MS/MS spectrum represents the combination of all the fragments of all co-eluting substances.

The advantage of this scanning technique compared to classical MS/MS approaches is that data analysis is not limited to pre-defined precursor- or neutral-loss-scans. Due to the fact that all potential precursors are fragmented it is not necessary to define all the characteristic fragments or neutral losses in advance. The undirected acquisition of all the full- and MS/MS data within one run allows permanent re-analysis of the data to identify additional lipids or fragments. The MS^E^ scan in combination with a reliable chromatographic system and stable retention times further permits the detection of characteristic head groups and neutral losses and the assignment of the fragments to a specific precursor ion in the full scan trace. In [Fig. 6](#fig0030){ref-type="fig"} we show the characterization of TG 50:2 with m/z 848. The fragments with the same retention time as the non-fragmented TG are caused by the neutral losses of NH~3~ and C16:0, C16:1, C18:0 and C18:1 fatty acid. Several combinations of these fatty acids are possible to build TG 50:2, but other fatty acids can be excluded as building blocks of this specific TG species due to different retention times.

3.3. Glycerophospholipids {#sec0060}
-------------------------

Yeast lipid extracts are not as complex as extracts from mammalian tissues, nevertheless the ion suppression of low abundant species by the predominant PC species has to be considered. Although all GP except the LGPs and CL elute between 8 and 24 min the peaks of the major PC species do not overlap significantly with other GPs. While in positive ion mode only PC and PE are analyzed, all glycerophospholipids can be detected in negative ion mode ([Fig. 5](#fig0025){ref-type="fig"}). Most of the glycerophospholipids ionize as \[M-H\]^−^ adducts whereby PC builds adduct ions with formiate and also shows a strong \[M-CH~3~\]^−^ signal. Standards of PG and BMP can be measured in positive (proton, sodium and ammonium adducts) and negative mode and it is possible to separate the structural isomers with the applied gradient ([Fig. 7](#fig0035){ref-type="fig"}).

It should be mentioned that under these conditions in-source fragmentation can occur. This may lead to multiple peaks for a certain m/z. As an example, PS may lose its headgroup to some extend resulting in the corresponding PA species. However different retention times clearly allow discrimination between PA as a sample component or decomposition product of PS.

Cardiolipin elutes close to TG at the end of the chromatographic run and can be detected in negative mode as the corresponding \[M-H\]^−^ ions as well as in positive ion mode as \[M + H\]^+^ ions.

3.4. Sphingolipids {#sec0065}
------------------

A total yeast lipid extract prepared by the Folch method shows only weak sphingolipid signals whereby the most abundant phytoceramides [@bib0270] elute at retention times of about 25 min ([Fig. 8](#fig0040){ref-type="fig"}) and are detectable both in positive and negative mode. Extraction of sphingolipids and inositol containing lipids can be improved by applying the extraction method of Angus et al. [@bib0275]. For detailed analysis of low abundant sphingolipids it may be advantageous to perform mild alkaline hydrolysis [@bib0270] of the lipid extract to remove all lipids containing ester-linked fatty acids. The remaining lipids contain only N-linked fatty acids and are also well separated with the described chromatographic method showing good ionization properties in the negative mode [@bib0280].

3.5. Neutral lipids {#sec0070}
-------------------

### 3.5.1. Di- and triacylglycerols {#sec0075}

Diacylglycerols (DGs) partially co-elute with phospholipids but are easily detectable ([Fig. 9](#fig0045){ref-type="fig"}). DGs form sodium adducts and show neutral loss of water caused by in-source fragmentation. TGs are mainly detected as ammonium- and sodium-adducts. The formation of these adducts varies depending on the chain length of the fatty acids. Shorter TG species ionize preferentially as \[M + Na\]^+^ adducts, whereas longer chain length leads to predominant \[M + NH~4~\]^+^ species. The TG species that differ just by one double bond are clearly baseline separated, as shown in [Fig. 10](#fig0050){ref-type="fig"}.

The MS^E^ scan in combination with good and stable chromatographic separation allows the assignment of fatty acids to the TGs, as shown in [Fig. 6](#fig0030){ref-type="fig"}. Whereas the TGs in yeast contain mainly C16:0, C16:1, C18:0 and C18:1 fatty acids, the TG pattern in mammalian cells is much more complex. [Fig. 4](#fig0020){ref-type="fig"} illustrates the potential of the described method to separate the isobaric TG species in such samples.

### 3.5.2. Steryl esters {#sec0080}

A drawback of the described method is the limited analysis of steryl esters (SEs). The chromatographic separation of TGs and SEs is poor and due to ion suppression effects during the ESI process the signals of steryl esters in a yeast total lipid extract are near the detection limit. A solid phase extraction that removes TGs [@bib0285] prior to UPLC separation, however makes steryl esters accessible for analysis.

### 3.5.3. Normalization of lipid data {#sec0085}

For normalization a mix of internal standards was added prior to lipid extraction. The selection of internal standards is always a compromise between practicability and costs. The use of stable isotope labelled standards for each lipid species of interest would lead to even better results, but most of such standards are either not available or rather expensive. A compromise is the use of lipids with naturally not occurring fatty acid composition which elute close to the lipid species in the sample. Due to the rather simple yeast lipidome the use of only one GP internal standards for each lipid class with a retention time close to that of the corresponding GPs in the sample is sufficient to obtain a reliable picture of changes in the various lipid levels. For instance GP 34:0 species are absent from yeast samples, therefore these lipids were used as internal standards for GPs. Due to the lack of suitable PI standards we normalized the PI species to PE 34:0. The DGs were normalized to DG 28:0. For TG normalization we decided to use three different internal standards (TG 45:0, TG 51:0 and TG 57:0) to consider the wider range of retention times. Therefore, TG species TG 42:0 to TG 48:3 were normalized to TG 45:0, TG 50:0 to TG 54:3 were normalized to TG 51:0 and all the TGs with longer fatty acids were normalized to TG 57:0.

All these analyses are relative. For absolute quantification it would be necessary to establish the corresponding calibration curves for each analyte of interest and to use stable isotope labelled internal standards. Comparison with quantitative data obtained with thin layer chromatography and HPLC coupled to an evaporative light scattering detector confirms that trends in the changes of the amounts of lipid classes can also clearly be seen with this method. The major advantage of this method is the amount of information obtained about changes of the species pattern within a lipid class, even when the total amount of this lipid class does not change.

Ion suppression can never be totally excluded. The negative effects can be reduced or, compared to the shotgun approach, limited to co-eluting species. The chromatographic separation of the analyte peak from the M + 2 isotope peak of the corresponding more unsaturated lipid species facilitates correct peak integration. A triple quadrupole MS with unit mass resolution can be used for quantification, whereas a shotgun approach requires high resolution MS or additional arithmetic operations to distinguish between these isobars.

3.6. Application {#sec0090}
----------------

The combination of MS^E^--MS and a simple and stable chromatographic method are feasible tools for lipid profiling. Major lipid classes are accessible with such a setup. For lipidomic studies we added a mixture of internal standards containing various TGs and GPs to the cell pellets prior to cell disruption and lipid extraction. The extracted ion chromatograms (XICs) of the lipid species of interest are integrated and normalized to the corresponding internal standard area using lipid data analyzer software [@bib0250]. WT yeast cells were grown to the exponential phase and lipids were extracted and measured. The relative abundances of the different GP species are shown in [Fig. 11](#fig0055){ref-type="fig"} and a GP class specific distribution is shown. While PC and PE contain more double unsaturated species, PI, PA and PS contain more mono unsaturated species. Also the pattern of TG species can easily be detected ([Fig. 12](#fig0060){ref-type="fig"}). This method is used to compare the lipid profile of different yeast mutant strains as well as the changes in the lipid profile during cell growth and under different growth conditions.

In general this method has already been applied to different kinds of organisms like yeast (including *Saccharomyces cerevisiae* and *Yarrowia lipolytica*), *Drosophila* and various murine tissues [@bib0290]. The separation is powerful enough to handle lipids with higher variability in fatty acid composition and degree of saturation.

The quadrupole--time of flight high resolution mass spectrometer allows the determination of lipid elemental composition with an error below 5 ppm. By recording full and MS/MS scans identification of lipids is greatly simplified and no prior knowledge of the sample is required.

4. Conclusion {#sec0095}
=============

The UPLC method presented here is applicable for lipid profiling and allows the analysis of the major lipid classes within an acceptable run time. Depending on the sample complexity the gradient can be shortened or prolonged to achieve an applicable balance between chromatographic resolution and sample throughput. Due to a very simple solvent composition the method provides very stable retention times and allows good separation even within the species of one lipid class. Even isomeric structures such as PG and BMP can clearly be separated. To a certain extend the method allows the separation of isobaric lipid species. The good separation performance is achieved on a standard UHPLC-reversed-phase column and allows in-depth analysis of lipid extracts and helps to gain insight in changes of the lipidome of various organisms. Many MS based methods for lipidomic analysis require high resolution MS to identify single lipid species. The separation of the lipid species within a lipid class is sufficient enough so that even a low resolution-MS like a triple quadruple can be used for lipid analysis.

In this study, *Saccharomyces cerevisiae* was used as a model system. Although the yeast lipidome is not as complex as the mammalian system, the presented method is also suitable to perform lipid analysis of higher organisms.

Appendix A. Supplementary data {#sec0105}
==============================
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![Total ion current chromatograms in positive and negative ionization mode of a yeast WT lipid extract with highlighted regions where lysoglycerophospholipids (LGPs), glycerophospholipids (GPs), diacylglycerols (DGs), sphingolipids (SPLs) and triacylglycerols (TGs) elute. (A) Corresponding chromatogram of yeast WT grown in YPD to stationary phase measured in positive ESI mode where predominantly PCs, PEs, DGs and TGs ionize. (B) Chromatogram of the same WT sample under identical chromatographic conditions in negative ESI mode. In this mode all GPs ionize together with the most abundant SPLs. The arrows indicate ion suppression effect of the TGs in the negative TIC.](gr1){#fig0005}

![Extracted ion chromatograms (XIC) of m/z 760.586 and 848.771 of yeast WT lipid extract at various gradient/total run times (A: 4/22 min, B: 7/25 min, C: 12/30 min, D: 22/40 min, E: 32/50 min) in positive ESI mode. The base peaks correspond to PC 34:1 (b) and TG 50:2 (d), whereas the small peaks are the M + 2 isotope peaks of PC 34:2(a) and TG 50:3 (c), respectively. By increasing the gradient/total run time to 32/50 min lipid species which differ in the number of double bonds are baseline separated.](gr2){#fig0010}

![Separation of isobaric PC species from murine tissue lipid extract. (A) The extracted ion chromatogram (XIC) of m/z 830,59 (PC 36:2) shows two almost separated peaks. (B) MS/MS spectra at RT 17.9 min (a) and RT 18.5 min (b) show the carboxylate anions of the corresponding fatty acids. (C) Enlarged section of the MS/MS spectra of B showing the main fragment at m/z 281 (C18:1 fatty acid) for peak a indicating the PC 18:1_18:1-species and m/z 279 (C18:2 fatty acid) and 283 (C18:0 fatty acid) for peak b, indicating PC 18:0_18:2. Minor peaks at m/z 255 (C16:0 fatty acid) and m/z 307 (C20:2 fatty acid) indicate the presence of small amounts of PC 16:0_20:2.](gr3){#fig0015}

![Separation of constitutional isomers of TG 54:6. (A) Base peak chromatogram of a total lipid extract of murine muscle. (B) XIC of m/z 896 (\[TG 54:6 + NH~4~\]^+^) shows two separated peaks. (C) MS^2^ spectrum of m/z 896 at peak a (28.2 min).The major fragment is caused by the loss of C18:2 fatty acid. (D) MS2 spectrum of m/z 896 at peak b (29.1 min). The major fragments are caused by the loss of C22:6 and C16:0 fatty acid.](gr4){#fig0020}

![Separation of different GP species in negative ESI mode. Extracted ion chromatograms of the most abundant species in the different lipid classes of *Saccharomyces cerevisiae* are shown to demonstrate their elution profile. WT was grown to exponential phase and PA, PS, PI and PE are shown as \[M-H\]^−^ ions. PC ionizes in negative mode as \[M + HCOO^−^\]^−^.](gr5){#fig0025}

![Identification of TG species in a yeast WT lipid extract by MS/MS and MS^E^ scans. (A) Full scan spectrum at RT 29.05 min. The peaks are TG 48:1 (m/z 822), TG 50:2 (m/z 848) and TG 52:3 (m/z 874). (B) Base peak chromatogram (28 to 31 min). (C) MS/MS spectra of m/z 822, 848 and 874. The prominent fragments are caused by the neutral loss (NL) of a fatty acid and NH~3~. MS/MS of m/z 822 leads to fragments at m/z 549 (NL of C16:0) and 551 (NL of C16:1). MS/MS of m/z 848 leads to fragments 547 (NL of C18:0), 549 (NL of C18:1), 575 (NL of C16:0) and 577 (NL of C16:1), MS/MS of m/z 874 leads to fragments 575 (NL of C18:1) and 603 (NL of C16:1). (D) Extracted ion chromatograms (XICs) show different retention times of these TG species. (E) MS^E^ spectrum at RT 29.05 min is a combination of the fragments of all three TG species. (F) XICs of fragments from the MS^E^ spectra with m/z 549 and 577 show the same retention time as the non-fragmented m/z 848, whereas fragments with m/z 523 and 603 have their peak maximum at different retention times.](gr6){#fig0030}

![Separation of isobaric PG (36:2) and BMP (36:2) standards at a concentration of 10 μg/ml. PG as well as BMP can be measured in both ionization modes (positive mode is shown) and are separated by around 1 min. BMP as well as PG form protonated, sodium and ammonium adducts in positive ESI mode.](gr7){#fig0035}

![(A) Total ion current chromatograms of a yeast WT lipid extract. (B) Extracted ion chromatograms (XIC) of m/z 264 of the MS/MS signal corresponding to the characteristic ceramide fragment. (C) XIC of m/z 184 of the MS/MS signal corresponding to the choline-headgroup.](gr8){#fig0040}

![Extracted ion chromatograms (XIC) of the most abundant DG species in a yeast wild type total lipid extract (DG 32:1, DG 32:2, DG 34:1 and DG 34:2). DGs mainly ionize as sodium adducts and also show a neutral loss of water. The peaks labelled with an asterisk (\*) represent the M + 2 isotopic peak of the corresponding less unsaturated DG species.](gr9){#fig0045}

![Separation of the most abundant TG species of yeast WT in exponential growth phase. The difference of one double bond leads to a baseline separation of around 1 min. The other peaks are the M + 2 or M + 4 isotopic peaks of the corresponding more unsaturated TG species.](gr10){#fig0050}

![Relative GP pattern of wild type yeast *S. cerevisiae* at exponential growth phase. All GPs are normalized to the corresponding internal standard. In case of PI the areas are normalized to internal standard PE 34:0. Three biological replicas were measured and used to obtain the mean and standard deviation value.](gr11){#fig0055}

![Relative TG pattern of wild type yeast *S. cerevisiae* at exponential growth phase. TGs are normalized to three internal TG standards depending on retention time. Three biological replicas were measured and used to obtain the mean and standard deviation value.](gr12){#fig0060}
